A compact, solid-state accelerating structure based on surface waves is proposed and experimentally characterized. The structure, consisting of two SiC layers epitaxially grown on Si slabs and separated from each other by a subwavelength acceleration channel, is shown to support both longitudinal (accelerating) and transverse (deflecting) surface modes. Both modes are experimentally excited and characterized by performing angle-resolved spectroscopy with a wavelength-tunable carbon dioxide laser. Phase velocities of superluminous and subluminous modes are experimentally demonstrated, paving the way for tabletop charged particle acceleration. The same structure can be used for optical characterization of ultrashort electron bunches that generate longitudinal and transverse Cherenkov radiation.
I. INTRODUCTION
Accelerating gradients of conventional accelerators consisting of microwave-driven metal cavities are severely limited by electric breakdown and available peak power [1] . Theoretical, computational, and technological (both in microfabrication and laser technology) advances have resulted in the resurgence of interest in advanced laser-driven structure-based accelerators that have been known [2] for some time. For example, modern lasers [3, 4] can deliver sufficient power to excite large gradient (> 100 MV=m) solid-state accelerator structures [2] . Breakdown issues can be mitigated in dielectric waveguide accelerators [5] by either placing a smooth metallic confinement wall far away from the beam [6, 7] , or by avoiding metallic confinement altogether in favor of photonic band gap (PBG) confinement [8] [9] [10] [11] [12] .
Most two- [11] and three-dimensional [8, 9, 12 ] dielectric PBG accelerators have been designed to operate at visible/ near-IR laser wavelengths, where considerable fabrication challenges must be overcome. Using longer-wavelength [13] (e.g., ¼ 10:6 m) laser drivers for dielectric accelerators would considerably mitigate fabrication challenges, as well as take advantage of the short-pulse (picosecond-scale) high-power (terawatt-scale) CO 2 lasers that have recently become available at several experimental facilities [3, 4] . Despite considerable theoretical effort in the area of advanced laser-driven structure-based accelerators, there has been relatively modest experimental progress, which is mostly confined to metal-based PBG [14] structures.
Recently, an alternative accelerator structure driven by a CO 2 laser has been proposed [15, 16] . The surface wave accelerator based on SiC (SWABSiC), shown in Fig. 1 , utilizes a polar semiconductor (silicon carbide) that supports infrared surface waves at the SiC/vacuum interface because its dielectric permittivity SiC is negative within the tuning range of the CO 2 laser. Below we report the first fabrication and optical characterization of the SWABSiC. Note that the SWABSiC structure, schematically shown in Fig. 2 , can be employed as (i) an accelerator (in which case an external laser beam is needed to supply energy to the accelerated beam), or as (ii) a radiation source that uses a prebunched electron beam to generate coherent mid-IR Cherenkov radiation. Application (ii) can be potentially useful as a diagnostic tool for high-energy electron bunches. Specifically, the angular and spectral distributions of the coherent IR radiation outcoupled through the prism can be used to characterize the bunch length and transverse size. Such diagnostics are conceptually similar to the one based on coherent off-axis undulator radiation from short electron bunches [17] .
FIG. 1. Schematic of the surface wave accelerator based on SiC (SWABSiC). Acceleration occurs inside the vacuum gap between two parallel silicon carbide plates. Field lines extend from the surface of the SiC/vacuum interface into the channel and accelerate particle bunches (two bunches spaced by one acceleration wavelength are shown). Surface waves are localized near SiC/vacuum interfaces.
II. MATERIAL PROPERTIES OF SILICON CARBIDE
The schematic of the SWABSiC structure is shown in Fig. 1 . The structure consists of two slabs of SiC separated by a narrow vacuum gap of width 2a. Electrons propagating inside the gap parallel to the SiC/vacuum interface are accelerated by the longitudinal component E x of the electric field of the surface wave. In general, surface waves exist at the interface between two media with opposite signs of the dielectric permittivity . Because SiC is a polar semiconductor [18] , it has a dielectric permittivity SiC < 0 in the mid-IR reststrahlen band, which overlaps with the tunability range of CO 2 lasers (9:6 m < < 11:3 m) that are capable of providing high-power pulses on picosecond time scales [3, 4] . The specific doubleinterface surface wave mode employed in the SWABSiC is similar to that occurring at the plasma/vacuum interface in a hollow channel plasma wakefield accelerator [19] , and, unlike a single-interface surface wave, can have a luminous phase velocity v ph !=k x ¼ c that is required for accelerating ultrarelativistic electrons.
Additional attractive features of SiC, which are presently utilized in rf devices operating in hostile and high-temperature (> 1000 C) environments [20] , are its robustness to heat loading and its high electrical breakdown (DC threshold $300 MV=m). High-quality SiC films can be grown on silicon [21] and other substrates [22] that are subsequently machined into a prismlike shape for coupling infrared radiation into and out of the structure, as shown in Fig. 2 . The number of free carriers in SiC is another important issue for the material's suitability for accelerator applications. It has been recently demonstrated [23] that doping levels of SiC (and, therefore, the density of free electrons) can be essentially eliminated by controlling the growth procedure. In the absence of free carriers, the frequency-dependent dielectric permittivity is given by 
III. ELECTROMAGNETIC PROPERTIES OF THE SWABSiC
The dispersion properties of the electromagnetic modes of an idealized SWABSiC comprised of a vacuum accelerating channel of width 2a between two infinitely thick SiC walls are reviewed below. Two transverse magnetic (TM) modes, classified according to the symmetry of their magnetic field H z with respect to the midplane at y ¼ 0, can interact with the beam: an antisymmetric accelerating (longitudinal) mode (L-mode) with H z ðþyÞ ¼ ÀH z ðÀyÞ, and a symmetric deflecting (transverse) mode (T-mode) with H z ðþyÞ ¼ H z ðÀyÞ. From the standpoint of accelerator applications, the T-mode is the equivalent of transverse dipole modes in conventional accelerators which, when excited by a bunched beam, can lead to beam-breakup (BBU) instabilities and beam loss. The accelerating and deflecting components of the electric field of either mode are expressed in term of H z according to
respectively, and all fields are assumed to be proportional to expðik x x À i!tÞ. The two guided TM modes can be interpreted as a result of hybridization between two surface phonon-polaritons supported by the individual SiC/vacuum interfaces [25] .
To derive the modes' dispersion equations relating the complex propagation constant k x ¼ k 0 x þ ik 00 x (longitudinal wave number and attenuation rate, respectively) to the real frequency ! k 0 c, the continuity of H z and E x is enforced at the interfaces (y ¼ AEa). The spatial profiles for 0 < y < a of the L-mode and T-mode are given by H 
ðyÞ ¼ e
ÀqðyÀaÞ for y > a. The transverse wave numbers u and q satisfy the dispersion relations in vacuum and SiC, respectively: 
where R 2 ð1 À SiC Þk 2 0 a 2 . The value of u determines whether the modes are luminous, superluminous, or subluminous. If SiC losses are neglected, then u ¼ 0 corresponds to luminous modes, real u corresponds to superluminous modes, and imaginary u corresponds to subluminous modes. It can be shown from Eqs. (3) that, depending on the frequency, the L-mode can be either luminous, superluminous, or subluminous, whereas the T-mode cannot be luminous and, for narrow vacuum gaps with 2a < =k 0 , can only be subluminous.
The L-mode can be used for direct laser acceleration
SiC q . The equality corresponds to luminous waves, and the inequality to the subluminous waves. Note that a subluminous wave with v ph < c can also accelerate relativistic electrons whose velocity v b % c lies in the x-z plane and makes the frequency-dependent Cherenkov angle b ¼ cos À1 ðv ph =v b Þ with the direction of the phase velocity of the wave. Conversely, if the SWABSiC is used as a radiation source, a broad spectrum of L-modes (longitudinal wakes) satisfying the Cherenkov condition will be emitted at their corresponding angles b ð!Þ with respect to the direction of the electron bunch's velocity. An important disadvantage of utilizing subluminous waves for particle acceleration is that the beam, while being accelerated, will be also deflected in the x-z plane from its path and, therefore, requires additional in-plane magnetic focusing. No beam deflection will be produced by the luminous L-mode, which has an additional advantage of uniform accelerating field: E x ðyÞ ¼ const across the vacuum gap. Because the ratio of the peak electric fields at the surface to that at the electron's location is given by E y ðy ¼ aÞ=E x ðy ¼ 0Þ ¼ ð2a=Þ, subwavelength gaps (2a < ) are advantageous for particle acceleration. Narrow gaps impose an upper wavelength limit on luminous and subluminous modes
SiC ð!Þ is a monotonically growing function of the wavelength ¼ 2c=! inside the reststrahlen band.
To further investigate propagation properties of surface modes, the dispersion Eqs. Another important implication of the results plotted in Fig. 3(b) is that reducing the gap decreases the propagation length of the luminous L-mode from L prop % 150 m for 2a ¼ 9 m to L prop % 15 m for 2a ¼ 4 m because of the resistive losses in SiC. The resistive quality factor of the mode can be evaluated from the propagation length Fig. 3(a) , according to v g ¼ v ph =ð1 þ =v ph @v ph =@Þ. The quantity Q res determines the fill time of the structure according to T fill % ðQ res =2Þ! À1 if the following two simplifying assumptions are made: (i) beam-loading Q beam ¼ Q res , and (ii) the structure is critically coupled [25] . Based on the properties of the luminous L-modes, only modest values of Q res $ 500-1000 are expected, which translates into T fill $ 1:5 ps-3:0 ps. Such pulse durations are presently achievable [3, 4] with CO 2 lasers.
An important implication of relatively high losses for accelerator applications is that high beam loading in a multibunch format [2] , with the macrobunch duration roughly matched to T fill , is required to maintain high overall efficiency of the SWABSiC. Another important implication of the highly restricted aperture of the SWABSiC is the importance of transverse wakes: a positive feedback loop resulting in a BBU instability develops when a vertically displaced microbunch excites a T-mode (transverse wake), which then further deflects the next (trailing) microbunch. Longitudinal wakes arising due to the excitation of L-modes contribute to energy spread within a macrobunch in the SWABSiC operated in the high beam-loading regime. Therefore, dispersion and loss characteristics of both L-and T-modes are crucial for determining the effects of the BBU instability and the beam-induced energy spread on a macrobunch. Accurate experimental analysis of these characteristics of L-and T-modes is necessary before implementing an accelerator. As demonstrated below, Land T-modes can be directly excited using a tunable laser as illustrated in Fig. 2 . The modes' dispersion relations ! vs k x (or, alternatively, v ph vs as shown in Fig. 3 ) can be mapped out by changing the incident angle i of the laser beam.
IV. EXPERIMENTAL EXCITATION OF ACCELERATING AND DEFLECTING WAKES OF THE SWABSiC
A schematic of the experimentally fabricated SWABSiC is shown in Fig. 2 . Thin layers of SiC (1:7 m) were epitaxially grown [21] on high-resistivity 5-mm-thick Si slabs. Silicon is chosen for its compatibility with SiC growth and robustness to thermal and mechanical stress. One slab was fabricated by ISP Optics into a planar prism to couple mid-IR radiation into the accelerating structure. The high-index prism (n Si ¼ 3:42) is required for the excitation of surface waves. The prism's dimensions indicated in Fig. 2 are as follows: the height is 1.78 mm, and the angles of the in-coupling and out-coupling faces are 15 and 28 , respectively. Using Snell's law, it is calculated that i 0i ¼ 6:8 (corresponding to total internal reflection at the Si/air interface) is required for exciting luminous wakes. The final SWABSiC structure with the 2a ¼ 6 m air gap is obtained by spin coating a polymer film of the same thickness onto the lower slab, followed by selective polymer removal and placing the two sides in contact as shown in Fig. 2 .
The excitation and detection of the surface waves (both L-and T-modes) were carried out using a line-tunable 13 CO 2 continuous wave laser (Access Laser Co.) by measuring the intensity of the reflected beam as a function of incident angle i and wavelength . The typical incident power was 400 mW. A 15-cm-focal length ZnSe lens was used to focus the 4.5-mm-diameter IR beam. Measurements were carried out with 0.5 angular step size for six selected wavelengths listed in Fig. 4 . The reflected beam (R-beam) propagates along the following optical path: (i) transmission from air into the in-coupling face and through the Si prism, (ii) reflection from the SiC surface, and (iii) transmission through the prism into air via the out-coupling face. A minimum in the intensity of the R-beam [referred to as reflectivity Rð i ; Þ in Fig. 4 and elsewhere] is used as the diagnostic of surface wave excitation. In the absence of SiC, the reflectivity Rð i ; Þ is expected to be essentially angle independent for i > 0i (indicated by red line and stars in produced at the in-coupling surface. This ensures that the SR-beam does not contribute to Rð i ; Þ for any incident angle.
Experimentally measured reflectivity spectra Rð i ; Þ are shown in Fig. 4 as dots, together with corresponding theoretical plots (solid lines) for six laser wavelengths (see caption for details). From Snell's law, larger i correspond to larger values of k 0 x and, therefore, smaller phase velocity. Laser coupling to surface waves is manifested as reflection minima. For every wavelength in the 10:723 m < < 11:310 m range, both L-modes (smaller i ) and T-modes (larger i ) are observed as distinct dips of Rð i ; Þ. Excellent agreement between theory and experiment is achieved by accounting for all relevant loss mechanisms applicable to the laser beam: surface wave excitation, reflections at the in-coupling and out-coupling faces of the prism, and two-photon absorption in Si. The experimental measurements indeed confirm that the T-modes are subluminous for all wavelengths whereas the L-mode can be luminous, subluminous, or superluminous, depending on the wavelength.
One drawback of the present prism design is that the luminous mode, which is excited at i ¼ i0 , is not accessible because the direction of the R-beam is within a few degrees of the incident beam, causing feedback into the laser amplification chain. This results in the angular ''data gap'' in the 0 < i < 0i angular range. Face angles of the prism can be redesigned to avoid this effect. Nevertheless, our experimental demonstration of subluminous and superluminous accelerating wakes clearly shows the possibility of designing resonant SWABSiC structures for accelerating relativistic electron beams.
Experimental data presented in Fig. 4 enables the extraction of both phase velocities (from the spectral positions of the reflectivity dips) and propagation lengths L prop (from the angular width of the dips) of the modes. The prism provides longitudinal wave numbers k x ¼ k 0 n Si sin Si , where Si is the incident angle within Si (and is related through Snell's law to the laser's incidence angle i from the prism normal, as indicated in Fig. 2 ). Recalling that v ph ¼ !=k x and k 0 ¼ !=c, rearranging the equation for k x yields v ph =c ¼ 1=½n Si sinð Si Þ. Using  Fig. 4 results and additional data, normalized phase velocities [ Fig. 3(a) ] are derived from reflectivity minima originating from surface waves.
The experimental values of L exp prop can be estimated as L exp prop % 1=Ák x , where Ák x ¼ 2n Si =Á sin is determined by the FWHM angular width of the reflectivity curve, and is the incidence angle onto the Si/SiC interface. It is found that the measured L 
T-modes. Propagation lengths can be further used for calculating the quality factors of the modes. To our knowledge, these measurements represent the first experimental characterization of transverse and longitudinal modes of a laser-driven accelerating structure.
V. ACCELERATOR AND BEAM DIAGNOSTICS APPLICATIONS OF THE SWABSiC
In this section we consider the implications of the electromagnetic properties of SWABSiC for designing laserdriven accelerators and infrared radiation sources. For accelerator applications, optical properties of SWABSiC determine the appropriate formats of the accelerated microbunches, microbunch trains, and laser pulses delivering energy to the structure. For example, the fill time T fill ¼ Q! À1 of the accelerating structure with the quality factor Q determines the optimal duration of the laser pulse powering the accelerator. Another important accelerator parameter is the loss factor of the acceleration mode per unit of acceleration length , which is defined as k ¼ E 2
x =4U, where E x is the peak on-axis acceleration field and U is the stored energy of the mode per unit of acceleration length. The loss parameter enables estimating the required energy storage per unit length U that is needed to maintain a given acceleration gradient. Given the fill time of the structure, it also enables the calculation of the laser power P required to maintain such acceleration gradient. With an acceleration structure length L x and width W z , we estimate that P $ E 2 x L x =ð4T fill Þ. Under a set of simplifying assumptions, the order of magnitude for can be evaluated. Assuming that most of the stored energy is contained inside the SiC slabs, and that the penetration depth into SiC slabs is l skin $ =8, the stored energy per unit length can be estimated as
A rough estimate of @ð! SiC Þ=@! % 100 enables the following order-of-magnitude estimate of $ ðW z Þ À1 , which can be recast in the following familiar [19] form: $ ð100=W z Þ Â À2 ½cm V=ðpC mÞ. For example, assuming W z ¼ 1 mm and ¼ 11 m, we obtain $ 1 MV=ðpC mÞ, which translates into U ¼ 250 mJ=m for an E z ¼ 1 GeV=m accelerating gradient. For a single structure of length L ¼ 1 cm with a fill time of T fill ¼ 3 ps, the total stored energy of 2.5 mJ requires a laser power of order P 1 ¼ 1 GW. If such a structure is utilized as a single stage of a larger laser-driven accelerator, then the single-stage gain is of order 10 MeV. Assuming the efficiency of energy recovery by the accelerated beam to be ¼ 40%, the total charge of a macrobunch can be estimated to be of order Q ¼ 10 pC. Note that N ¼ 100 stages would impart a 1 GeV energy gain to the accelerated bunch PRISM-COUPLED SURFACE WAVE ACCELERATOR BASED . . . Phys. Rev. ST Accel. Beams 15, 031302 (2012) while requiring the total laser power of order P tot ¼ 0:1 TW, which is entirely within reach of the existing short-pulse CO 2 laser systems.
Finally, we discuss the possibility of using the SWABSiC structure as a source of coherent infrared radiation that can be used for characterization of the electron bunch's length and transverse size. Such diagnostics are particularly desirable for ultrashort low-emittance bunches produced by laser-plasma accelerators. It is well established [17, 26, 27] that, regardless of the specific mechanism of radiation generation (e.g., synchrotron, transition, or undulator), the spectral intensity of far-field radiation emitted by a bunch of N e can be expressed as the sum of coherent and incoherent components:
where I 1 ð!Þ is the spectral intensity of radiation emitted by a single electron, and fð!Þ is the form factor determined by the dimensions of the bunch. For a Gaussian bunch with rms dimensions x;y;z whose centroid is located in the midplane of the SWABSiC structure, it can be demonstrated that the form factor of the coherent radiation that results from the excitation of the L-mode is proportional to fð!Þ / e Àðk z cos b Þ 2 e Àðk y sin b Þ 2 ;
where b ð!Þ is the frequency-dependent Cherenkov angle of the radiation coherently emitted in the x-z plane by the bunched beam. No coherent T-mode is generated by such a midplane centered bunch. Quantitative information about the size of the bunch can be obtained from the angular dependence of coherent radiation using Eq. (6). Because k is of order 1 m, such diagnostics are particularly suitable for bunches with micron-scale dimensions. Moreover, micron-scale displacements of the beam's centroid from the midplane can be detected by measuring far-field coherent radiation due to the excitation of the T-modes. Such radiation arises only for finite centroid displacements in the y direction, and it is spectrally distinguishable from radiation due to the L-modes.
VI. CONCLUSIONS
In conclusion, we have theoretically and experimentally investigated optical properties of the surface wave accelerator based on silicon carbide (SWABSiC). The SWABSiC structure consists of two layers of the negative permittivity material SiC, separated by a vacuum gap. The structure can be used either as a laser-driven accelerator or as a source of coherent infrared radiation. In the latter case, the coherent radiation produced by an ultrashort relativistic bunch can be used for characterizing the transverse and longitudinal dimensions of the bunch, as well as the centroid's position with respect to the midplane in the vacuum gap. By coupling infrared light from a carbon dioxide laser through the silicon prism into the SWABSiC, we excited two types of surface modes of the structure-the longitudinal (accelerating) mode and transverse (deflecting) mode. Their phase velocities and quality factors were experimentally measured and compared with theoretical calculations. An example of a SWABSiC driven by a highpower short-pulse CO 2 laser was presented. The promise of the structure for beam diagnostics was also discussed.
